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ABSTRACT 
Marcasite FeS2 and its surfaces properties have been investigated by Hubbard-corrected Density 
Functional Theory (DFT+U) calculations. The calculated structural parameters, interatomic bond 
distances, elastic constants and electronic properties of the bulk mineral were determined and 
compared with earlier theoretical reports and experimental data where available. We have also 
investigated the relative stability, interlayer spacing relaxations, work function, and electronic 
structures of the {010}, {101}, {110} and {130} surfaces under dehydrated and hydrated 
conditions. Using the calculated surface energies, we have derived the equilibrium crystal shape 
of marcasite from a Wulff construction. The {101} and {010} surfaces dominate the marcasite 
crystallite surface area under both dehydrated and hydrated conditions, in agreement with their 
relative stabilities compared to the other surfaces. The simulated scanning tunneling microscopy 
(STM) images of the {101} and {010} facets are also presented, for comparison with future 
experiments.  
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GRAPHICAL ABSTRACT 
 
1. INTRODUCTION 
Iron sulfide minerals are abundant in nature and exist in a variety of phases with stoichiometries 
that range from the sulfur-deficient mackinawite FeS1−x through iron-deficient pyrrhotite Fe1−xS 
to greigite (Fe3S4) and pyrite (FeS2).1 Iron disulfide (FeS2) occurs naturally as two polymorphs; 
pyrite (p−FeS2) crystallizes in the cubic space group, Pa3 while marcasite (m−FeS2) belongs to 
orthorhombic Pnnm.2 Iron pyrite has received much attention as a promising photovoltaic material 
because of its suitable band gap (Eg =0.95 eV), high abundance, nontoxicity, and strong light 
absorption (~105 cm−1 for hν > 4 1.4 eV).3−12   
Marcasite, the lesser known polymorph, is often considered to be an undesired contaminant phase 
for photovoltaic applications,13,14 because of its reported small band gap of 0.34 eV.15 Wadia and 
co-workers have speculated that the presence of trace amounts of marcasite in pyrite would 
significantly lower the band gap and therefore deteriorate the material’s photovoltaic 
performance.13, 14 However, recently published studies have thrown doubt on the earlier reported 
band gap of 0.34 eV for marcasite.16−21 Theoretical investigations have predicted that marcasite 
should have a band gap that is quite similar to that of pyrite (around 0.8–1.1 eV),16−20  whereas 
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recent diffuse reflectance spectroscopy (DRS) measurements of natural marcasite samples have 
estimated the optical absorption gap to be approximately 0.83 ± 0.02 eV,21 which is similar to the 
band gap of pyrite (0.95 eV).11 These recent findings suggest that marcasite, which co-exists with 
pyrite and was originally regarded as a detrimental impurity, may actually be a highly useful semi-
conductor and photocatalyst in its own right. 
The development of an efficient phot-catalyst, however, requires an atomic-level understanding of 
the structure and composition, as well as information about the relative stabilities of its major 
surfaces as they dictate its morphology and reactivity towards adsorbing species.22−24 Detailed 
information regarding the structure, electronic and mechanical stability of the bulk material is also 
required. In earlier studies, the phase stability and thermoelectric properties of the naturally 
occurring marcasite phase of FeS2 under ambient conditions has been investigated using first-
principles calculations.18, 25 Total energy calculations show that marcasite FeS2 was stable at 
ambient conditions, and that it undergoes a first-order phase transition to pyrite FeS2 at around 
3.7−5.4 GPa at 0 K.18, 25 Reich and Becker have also employed first-principles and Monte Carlo 
calculations to investigate the thermodynamic mixing properties of arsenic into bulk pyrite and 
marcasite.26 From their calculated enthalpies, configurational entropies and Gibbs free energies of 
mixing, it was shown that the two-phase mixtures of FeS2 (pyrite or marcasite) and FeAsS 
(arsenopyrite) are energetically more favorable than the solid solution Fe(S,As)2 (arsenian pyrite 
or marcasite) for a wide range of geologically relevant temperatures.26 There also exist significant 
information in the literature on the oxidation and chemistry of different stoichiometric and 
defective pyrite surfaces using ab initio theoretical calculations27−31 and experimental32−34 
investigations. Hydration and early oxidation of the surfaces of mackinawite,35, 36 greigite,37, 38 and 
violarite (FeNi2S4)39 have also been investigated using DFT calculations. However, to date, no 
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systematic theoretical study has been conducted to investigate the structures and stabilities of the 
major surfaces of marcasite, which makes this investigation timely.  
In this study, we have employed Density Functional Theory calculations, with Hubbard corrections 
for the electron correlation in the localized d-Fe orbitals (DFT+U), to first investigate the 
structures, electronic and mechanical properties of bulk marcasite. Secondly, the composition and 
structure, as well as the relative stabilities of the major surfaces of marcasite have been 
characterized systematically under dehydrated and hydrated conditions. The electronic properties 
of each surface, including the work function (Φ) have also been determined and are discussed. 
Using the calculated surface energies, we have derived the equilibrium morphology of marcasite 
crystals using Wulff construction.40 Finally, we have used the HIVE program41 to simulate the 
topographical Scanning tunneling microscopy (STM) images of the {101} and {010} surfaces, 
which are the dominant growth facets expressed in the marcasite crystal morphology. 
2. COMPUTATIONAL DETAILS 
The optimized structures were determined using plane-wave density functional theory (PW-DFT) 
calculations within the Vienna Ab-initio Simulation Package (VASP code).42−45 The interactions 
between the valence electrons and the ionic core were described with the projected augmented 
wave (PAW) method43, 46 and the electronic exchange-correlation potential was calculated using 
the Perdew−Burke−Enzerhof (PBE) generalized gradient approximation (GGA) functional,47,48 
with Hubbard U correction (PBE+U).49−51 The +U correction term provides an accurate treatment 
of the electron correlation in the localized d-Fe orbitals, which is crucial for a proper description 
of the structural and electronic properties of these materials. We have used an effective U of 2 eV, 
which has been shown to give an accurate description of the structural parameters and the 
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electronic properties of pyrite and marcasite FeS2.16, 20, 52−54 Van der Waals dispersion forces were 
accounted for in all calculations through the Grimme DFT-D3 functional,55 which adds a semi-
empirical dispersion potential to the conventional Kohn-Sham DFT energy as implemented in the 
VASP code. A plane-wave basis set with a kinetic energy cutoff of 500 eV was tested to be 
sufficient to converge the total energy of the FeS2 to within 10−6 eV and the residual 
Hellman−Feynman forces in the ionic relaxations were converged to within 10−3 eV Å−1. The 
Brillouin zone was sampled using a  9 × 9 × 9 mesh of Monkhorst−Pack k-points.56 A higher k-
points mesh of 13 × 13 × 13 was used to determine the electronic structures of marcasite.  For the 
surface calculations, the k-meshes were chosen in such a way that a similar spacing of points in 
the reciprocal space was maintained. 
The elastic stiffness constants were calculated by the stress–strain method.57−61 The strain imposed 
on the crystals is set as follows: ε = ε1, ε2, ε3, ε4, ε5, and ε6, where ε1, ε2, ε3 are the normal strains 
and ε4, ε5, ε6 are the shear strains. The corresponding stresses (σ= σ1, σ2, σ3, σ4, σ5, σ6) for the 
deformed crystals due to each set of applied strains can be calculated from first-principles. 
According to Hooke’s Law, the relationship between strain and stress is  σi = Cijεj, where Cij are 
the elastic stiffness constants, which can be presented in a 6 × 6 matrix. In the case of a cubic 
system, there are only three independent elastic constants, i.e., C11, C12, and C44; whereas for an 
orthorhombic system, as in marcasite, the number of independent elastic constants increases to 
nine, i.e., C11, C22, C33,C12, C13, C23, C44, C55, and C66. The derived elastic constants are useful in 
predicting the structural stability of materials: the bulk modulus (BV) measures the material’s 
resistance to uniform compression, whereas the shear modulus (GV) measures the material’s 
response to shearing strains. The bulk modulus (BV) and shear modulus (GV) of marcasite were 
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estimated using the Voigt approximation.62, 63 According to the Voigt (V) bounds for orthorhombic 
structures, the bulk and shear moduli in terms of elastic stiffness coefficient elements Cij’s can be 
simplified as follows: 
   231312332211 9291 CCCCCCBV                                               (1) 
   665544231312332211 51151 CCCCCCCCCGV                   (2) 
The Young’s modulus (E) and Poisson’s ratio (ν), which are characteristic properties of a material, 
related to its elasticity, and are often used to provide a measure of the stiffness of a solid, were 
obtained by the following formulas: 
)3(
9
GB
BGE  ,  )3(2 )23( GB GB                                                                (3) 
The major surface structures of marcasite were created from the relaxed bulk material using the 
METADISE code,64 which ensures the creation of surfaces with zero dipole moment perpendicular 
to the surface plane.65 For each surface, the slab thickness, of at least 10 Å, was increased until 
convergence of the surface energy was achieved within 1 meV per cell. In each simulation cell, a 
vacuum region of 15 Å was tested to be sufficient to avoid interactions between periodic slabs. 
From a full geometry relaxation of the ionic positions of each surface in order to incorporate 
surface relaxation effects, we have computed the surface energy (γ), which is the energy required 
to cleave an infinite crystal in two—i.e., the amount of energy required to create a new surface. 
This is a difficult quantity to determine experimentally because it usually requires measuring 
surface tension at the melting temperature of the material.66 Theoretical determination of this 
quantity is, however, relatively easy and it is particularly useful in studies of the relative stability 
of different surface facets, with a low positive value indicating a stable surface.67 The relative 
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stabilities of the marcasite surfaces were determined according to their relaxed surface energy (
r
), calculated as: 
A
nEE bulk
relaxed
slab
r 2
                                                                      (4) 
where relaxedslabE is the energy of the relaxed slab, bulknE   is the energy of an equal number (n) of the 
bulk FeS atoms, A is the area of the slab surface and the factor of 2 reflects the fact that there are 
two surfaces for each slab, which have identical atomic ordering at the bottom and top layers. 
Because of the presence of water in the environment, we have also calculated the surface energies 
of the surfaces with a monolayer of adsorbed water at both sides of the slabs, where we considered 
that a monolayer was obtained when all surface cation sites were terminated by a water molecule. 
The surface energy of the hydrated surfaces was calculated as follows: 
A
nEmEE bulkwater
relaxed
waterslab
hydrated 2
                                                   (5) 
where relaxedwaterslabE  is the energy of the surface with adsorbed water and watermE is the total energy of 
an equivalent number of water molecules (m) in the liquid phase which helps to assess the stability 
of the surface in an aqueous environment. The energy of liquid water is the sum of the self-energy 
of water due to the intra-molecular forces, and the energy of condensation due to the intermolecular 
forces (−44 kJ/mol at 25°C).68 To characterize the strength of water adsorption and to determine 
whether or not successful adsorption had occurred on each surface, we have calculated the energies 
of adsorption (Eads) using equation 6. 
 )(1 )( watersurfacewatermsurfaceads mEEE
m
E                                       (6) 
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where Esurface+m( water) and Esurface represent the total energy of the water–FeS2 system and the clean 
FeS2 surface, respectively. By this definition, a negative value of Eads corresponds to an exothermic 
and favourable adsorption process. The multilayer relaxations for the hydrated surface ( ijd ) were 
calculated as the percentage difference in the surface interlayer spacing, dij-hydrated, from the layer 
spacing of the same orientation in the geometry of the unrelaxed surface structure, dij-unrelaxed, 
created from the equilibrium bulk material. In these simulations, since the surface model is 
constructed from the optimized bulk structure, the required surface layer spacing is given by the 
spacing of the unrelaxed bulk-terminated slab structure.    100  unrelaxedijunrelaxedijhydratedijij dddd                                           (7) 
Within this definition, negative values correspond to inward relaxation (contraction) and positive 
values denote outward relaxation (dilation) of the interlayer spacings. 
3. RESULTS AND DISCUSSIONS 
3. 1 Bulk properties 
3.1.1 Structural parameters 
Marcasite is the metastable dimorph of pyrite, and easily inverts to pyrite when heated in vacuum 
above about 400 oC.69 It is formed at low temperatures from acidic sulphidic aqueous fluids, and 
occurs mostly in near-surface deposits. Marcasite crystallizes in the orthorhombic structure 
(Figure 1) with space group Pnnm (No. 58) and lattice parameters a =4.436 Å, b =5.414 Å,          c 
=3.381 Å.2, 70 Like pyrite, the marcasite structure can be described in terms of trigonally distorted 
FeS6 octahedra and tetrahedrally coordinated sulfur atoms (Figure 1).71−73 In the marcasite crystal 
structure, the FeS6 units are edge-sharing along the unit cell c-axis and corner sharing in the other 
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directions (Figure 1). The Fe–S interactions in marcasite are made up of longer Fe–S bonds (2.253 
Å) and short Fe–S bonds (2.236 Å) compared to the equivalent but longer Fe–S bonds of 2.263 Å 
in pyrite.2 Besides the FeS6 octahedra, the marcasite structure is characterized by a rather short S–
S interactions (2.212 Å) which creates S2 dumb-bell moieties. 
Using the theoretical method described above and allowing all atoms to fully relax until the 
required accuracy was reached, we have determined the unit cell parameters of marcasite at a = 
4.405 Å, b = 5.404 Å, c = 3.382 Å, which compares well with experimental data2,70 and a range of 
earlier theoretical values,16−18,25,26,74 reported in Table 1. The unit cell volume is also well 
reproduced in close agreement with reported experimental and theoretical data. Any differences 
found when compared to earlier theoretical results may be attributed to different parametrizations 
of the exchange−correlation functionals used in those calculations. The predicted interatomic 
distances (S–S = 2.190 Å, longer Fe–S bonds = 2.246 Å and shorter Fe–S bonds = 2.226 Å) also 
show good agreement with experimental and theoretical data (Table 2).  
3. 2 Electronic properties 
The electronic band structure of marcasite and the density of states projected on the Fe d-states 
and S p-states are shown in Figure 2. It is evident from the band structure (Figure 2a) that 
marcasite is an indirect band gap semiconductor, because its conduction band minimum (CBM) 
and valence band maximum (VBM) are located at two different high-symmetry points in the 
Brillouin zone. The band gap is estimated to be 1.17 eV, which is in good agreement with earlier 
theoretical results of Sun et al., (1.03 eV with PBE+U)16 and Schena et al., (1.06 eV with GW 
approximation)17, respectively. The slightly larger band gap of marcasite compared to pyrite (Eg = 
0.95)11,75 suggests that, contrary to earlier speculations,13,14 when present in trace amounts, 
marcasite is unlikely to undermine the photovoltaic performance of pyrite and it might actually be 
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a useful semi-conductor and photocatalyst in its own right. The projected density of states shown 
in Figure 2b reveals that both the valence band and conduction band edges are composed mainly 
of the Fe 3d states with a small contribution of the S 3p states, indicating that marcasite is a Fe 3d 
→ Fe 3d charge transfer semiconductor, which agrees with earlier theoretical predictions.16,17 To 
determine the nature of the electronic states in the valence and conduction bands of marcasite, we 
have visualized the electronic wave functions of the highest occupied valence states and lowest 
unoccupied conduction states at the  point ( see Figure 3). It is clear that the lowest unoccupied 
conduction bands (LUCB) are comprised primarily of the p-states of sulfur whereas, the highest 
occupied valence bands (HOVB) are made up of the d-states of Fe and the p-states of S−S dimer 
interactions.  
3. 3 Mechanical Properties  
To determine the mechanical stability of marcasite, we have calculated its elastic properties. The 
elastic constants are fundamental parameters that describe the resistance of a material against 
applied mechanical deformation. Shown in Table 3 are the calculated single crystal elastic 
constants at the theoretical equilibrium volume. All the calculated single-crystal elastic constants 
satisfied the Born’s mechanical stability criteria for orthorhombic structures,76 thereby implying 
that the marcasite type FeS2 is mechanically stable under ambient conditions. It is clear from the 
calculated elastic constants that C22 > C33 > C11, which implies that marcasite is stiffer along the 
b-direction than along the a- and c-directions. Using the calculated elastic constants, we have 
obtained the bulk (B), shear (G), and Young’s (E) moduli, and Poisson’s ratio (ν) of marcasite 
(Table 3). The bulk modulus is calculated at 149.4 GPa, in very good agreement with the 
experimental value of 146.5 GPa77 from the Birch−Murnaghan equation of state and the theoretical 
results of Gudelli et al.18, Liu et al.25, and Sithole et al.74 who reported 150.1, 145.9 and 152.22 
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GPa, respectively. The shear modulus is calculated to be 131.1 GPa, which is smaller than the bulk 
modulus, and therefore suggests that marcasite will be more to prone shear deformation than 
compressive deformation. The Poisson’s ratio, which measures the stability of the crystal to shear 
and provides information about the interatomic forces in a given material, is calculated at 0.20 for 
marcasite. The small Poisson ratio calculated for marcasite (< 0.25) indicates that the governing 
force in this material is covalent bonding,78, 79 which arises from the hybridization of Fe d2sp3 
orbitals and S sp3 orbitals to form six Fe–S bonds and one S–S single bond per formula unit.80−82  
3. 4 Surface Properties  
3.4.1 Surface structure and stability 
We have used the relaxed structure of bulk marcasite to create the surfaces with the desired 
orientation, in order to eliminate the presence of fictitious forces during surface relaxation. The 
{010}, {101}, {110} and {130} planes are the dominant planes along which cleavage occurs in 
marcasite,83, 84 and these planes are therefore the surfaces studied in this work. The {010} surface 
is S-terminated, whereas the {101}, {110} and {130} surfaces can have more than one non-dipolar 
terminations (either mainly S− or Fe−terminated based on height in the surface), all of which we 
have considered (Figures 4−7). Because of water in the environment, the created surfaces were 
hydrated through adsorption of a monolayer of water at both sides of the slabs, where we 
considered that a monolayer of water was obtained when all surface cations had been terminated 
by water. The (a, b) dimensions of the (1 x 1) surface unit cells of the {101}, {010}, {110} and 
{130} surfaces are (5.404, 5.553 Å), (4.404, 3.382 Å), (3.382, 6.972 Å) and (3.382, 14.279 Å), 
respectively. As shown in the top views of the optimized adsorption structures, the {101}-S and 
the {130}-S/Fe surfaces were hydrated by two water molecules at each side of the (1 x 1) slabs, 
whereas the {010}-S, {110}-S/Fe surfaces were hydrated by one water molecule at each side of 
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the (1 x 1) slabs. Due to the identical nature of the high symmetry adsorption sites in the periodic 
unit cells of each surface, the (1 x 1) cells were sufficiently large to investigate not only the 
interactions of the monolayers of water molecules with the surface, but also capture the hydrogen-
bonded interactions between water molecules within and across periodic unit cells. We have 
computed structural relaxations and surface energies of the hydrated surfaces using larger 
supercells of each surface and found only small differences in the results compared to the (1 x 1) 
surface cells as shown in Table 4. From the calculated surface energies, we found that the mainly 
S−terminated surfaces were generally more stable than the Fe−terminations. The order of 
increasing surface energies, and therefore decreasing stability of the most stable S−terminated 
surfaces, before and after hydration is {101} < {010} < {130} < {110}. As is to be expected, 
hydration of the surfaces through adsorbed water molecules is found to have a stabilizing effect 
on all the surfaces studied, since the adsorption acts to coordinate the water molecules to the under-
coordinated Fe ions, thus providing a closer to bulk coordination of the surface species. The 
stabilization of the surfaces is reflected in the lower surface energies calculated for the hydrated 
surfaces compared to the dehydrated surfaces, as shown in Table 4. For example, the surface 
energies of the dehydrated {010} and {101} surfaces in S-terminations reduced by 47.1% and 
53.5%, respectively. As shown in Table 4, the surface energies of the hydrated (1 x 1) and (2 x 2) 
unit cells of the {010} surface with one and four water molecules, respectively, adsorbed at each 
side of the slabs, differ by only 0.03 Jm−2. Similarly, for a (2 x 2) unit cell of the {101} surface 
with eight water molecules adsorbed at each side of the slab, the differences in surface energy 
relative to the (1 x 1)-S and (1 x 1)-Fe terminations, with two molecules adsorbed at each end of 
the slabs, are only 0.04 and 0.07 Jm−2, respectively. For the {110} surface, the difference in the 
surface energy between the (1 x 1) and the (2 x1) surfaces, with respectively one and  two water 
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molecules adsorbed at each side of the slabs, was calculated at 0.06 and 0.09 Jm−2 for the S- and 
Fe-terminations, respectively. For the high index {130} surface, the difference in surface energies 
between the (1 x 1) and (2 x1) surfaces, with two and four water molecules, respectively, adsorbed 
at each end of the slabs, was calculated at 0.08 and 0.11 Jm−2 for the S- and Fe-terminations, 
respectively. The small energy differences between the (1 x 1) cells and the larger cells containing 
more water molecules suggest that the (1 x 1) cells provide an adequate model for the simulation 
of marcasite surfaces hydrated by a monolayer of water. 
On the {101} surface (Figure 4), the water molecules are coordinated by their oxygen ions to the 
surface Fe(II) ions at an average Fe−O distance of 2.165 Å and 2.114 at the S− and Fe−terminated 
surfaces, respectively. Consistent with their relative stability, the water molecule binds more 
strongly to the Fe−termination (Eads = −0.83 eV) than the S−termination (Eads = −0.49 eV). 
Similarly, on the {010} surface (Figure 5), the water molecules are coordinated by their oxygen 
ions to the surface Fe(II) ions at a distance of 2.184 Å, releasing an adsorption energy of 1.10 eV. 
On the {130} surface, the adsorption energy of water onto the S− and Fe−terminations were 
calculated at −0.83 eV and −0.95 eV, respectively, and the average Fe−O bond distances are 
calculated at 2.145 Å and 2.185 Å, respectively (Figure 6).  When adsorbed at the {110} surface 
(Figure 7), the water molecules released an adsorption energy of 0.37 eV at the S−terminated 
surface and 0.67 eV at the Fe−terminated surface. The weak adsorption of water on the 
S−terminated {110} surface can be attributed to repulsive interactions between the O atom of the 
water molecules and the terminating S ions. Consistent with the weak adsorption of water on the 
S−terminated {110} surface, the O−Fe distance is calculated at 3.645 Å and the hydrogen atoms 
pointing towards the surface stand at 2.692 Å away from the terminating S atoms. For the 
Fe−terminated {110} surface, however, the water molecules are coordinated by their oxygen ions 
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to surface Fe(II) ions at a distance of 2.186 Å (Figure 7). As commonly reported for other mineral 
surfaces,85−89 we found that the marcasite surfaces undergo only modest relaxations in their surface 
layers and interlayer spacings upon hydration, as shown in Table 5.  
Following the procedure of the Wulff construction,40 using the calculated surface energies (Table 
4), we have constructed the equilibrium crystal morphology for marcasite under hydrated and 
dehydrated conditions, as shown in Figure 8. We see that all four studied facets appear on the 
Wulff plot under dehydrated condition, with the facets corresponding to the {101} and {010} 
orientations enclosing the largest areas, in agreement with their surface stabilities. Hydration of 
the surfaces is, however, found to induce a faceting transformation (truncated octahedron → 
rectangular), with only the {101} and {010} facets expressed in the hydrated equilibrium 
morphology (Figure 8b), in agreement with their significant stabilization upon hydration 
compared to the other surfaces. Faceting transformation has been observed in crystals of other 
minerals90−94 and metals95−97 through the adsorption of small molecules, including water and an 
overlayer of surfactant molecules.  
3.4.2 Simulation of scanning tunneling microscopy (STM) images 
From the optimized structures of the S-terminated {101} and {010} surfaces, which are largely 
expressed in the equilibrium crystal morphology of marcasite under both hydrated and dehydrated 
conditions, we have derived their topographical STM images, which provide information about 
the spatial distribution of the valence band states in the vicinity of the Fermi energy (EF). The STM 
images were simulated following the formulation in the Tersoff–Hamann approach,98 where the 
STM tip was approximated to an infinitely small point source. The tunneling current between the 
surface and the tip in the STM experiments is proportional to the local density of states (LDOS) 
integrated between the Fermi energy and the sample bias. We have used the HIVE41 program for 
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the production of our STM topographic images, where the DFT-based partial charge density was 
integrated from −2.5 eV to the Fermi energy (EF). In the constant current mode, the tip of the STM 
is moved across the surface where its height varies to keep the charge density at a constant value, 
which is given by a constant LDOS. The simulated STM images were mapped by means of the 
heights as a function of the position of the tip over the surface. More details about the method can 
be found elsewhere.99 Due to the difficulty associated with obtaining single crystals with well-
defined surfaces experimentally, our simulated STM images provide insight into the structures and 
compositions of the marcasite surfaces, which may otherwise be hard to resolve experimentally, 
thus explaining why at present no experimental STM images are available for comparison with 
our results. However, we consider that the simulated STM images may become useful in clarifying 
future experiments, for instance to distinguish between the {101} and {010} facets, which are the 
most likely facets to be observed under experimental conditions.  
Shown in Figure 9 are the STM images of the {101} and {010} surfaces with and without adsorbed 
water molecules. The STM image of the dehydrated {101} surface (Figure 9a), acquired at a 
distance (d) of 2.10 Å to the tip and at a density (ρ) of 0.007e Å−3 clearly shows the terminating S 
dimers as bright spots. The coordinating Fe ions from the layer below are also well-defined circles 
in rows. The adsorbed water molecules on the {101} surface are highlighted in Figure 9b. 
Similarly, the row of S ions terminating the {010} surface are shown as bright spots (Figure 9c) 
and the adsorbed water molecules are highlighted in Figure 9d.   
3.4.3 Surface electronic properties 
We now discuss the electronic properties of the most stable termination of each marcasite surface. 
First, we calculated the average charge on Fe and S ions of the fully relaxed most stable 
terminations of each surface before and after hydration, using the Bader charge partition scheme.100 
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The results are summarized in Table 6 and are compared with the Fe and S charges in the bulk 
mineral. Relative to the charges of bulk Fe (+0.88 e−) and S (−0.44 e−) charges, each surface Fe 
ions loses electrons, suggesting slight oxidation toward Fe3+, while S ions gain extra electrons from 
their neighbouring Fe ions (Δq in Table 6). Similar Bader charges have been calculated for Fe 
(+0.86 e−) and S (−0.43 e−) ions in pyrite.101 Upon hydration, we observed further oxidation of the 
surface Fe ions as they become more positively charged due to charge transfer to the adsorbed 
water molecules. The hybridization between the O p-states of the water molecules and the 
interacting surface species is revealed by the project density of states (PDOS) analysis, as shown 
in Figure 10 (a2 & b2).  Compared to the clean surfaces (Figure 10 (a1 & b1)), we observe 
reduction of the interacting Fe-d valence states around the Fermi level for the water-covered 
surfaces, which is consistent with the loss of electrons and the slight oxidation toward Fe3+ 
predicted by the Bader charge analysis. The electron density redistribution (differential electron 
density iso-surface) within the water-FeS2 systems due to the newly formed bonds at the {101}-S 
and {010}-S surfaces, is shown as inserts in Figure 10 (a2 & b2). The iso-surface contours reveal 
electron density accumulation within the bonding regions, which is consistent with the formation 
of new Fe−O bonds (chemisorption). We also see electron density accumulation between the 
hydrogen and sulfur atoms, indicative of hydrogen-bonded interactions, which contribute to the 
stabilization of the water molecules on the surface. 
We have also calculated the work function (Φ) of each surface of marcasite before and after 
hydration, as summarized in Table 7. The work function, which is the minimum energy needed to 
remove an electron from the bulk of a material through a surface to a point outside the material, is 
one of the most fundamental parameters of surfaces, and is important to understand a wide range 
17 
 
of physical phenomena, such as adsorption, catalytic activity, photoemission and thermionic 
emission processes. It was calculated as follows: 
Fvacuum EV                                                                  (7) 
The potential in the vacuum region (Vvacuum) and the Fermi energy (EF) were derived from the same 
calculation. In practice, this is the energy required at 0 K to remove an electron from the Fermi 
level of the material to the vacuum potential.102 We applied dipole corrections perpendicular to all 
surfaces in the calculations to ensure that there is no net charge or dipole perpendicular to the 
surfaces, that may affect the potential in the vacuum level. From the results presented in Table 7, 
we note that the work functions depend on the crystallographic orientation of the surface, a 
phenomenon known as the anisotropy of the work function.103 The work function anisotropy can 
be understood as a surface effect, i.e. the work necessary to take an electron from inside the 
material to a region outside depends on the surface orientation, since the potential difference 
between the material and the vacuum is sensitively controlled by the spreading of the electronic 
charge into the vacuum. This spreading is in turn dependent on the crystallographic arrangement 
in the surface plane, i.e. on the surface orientation.103−105 The calculated work functions (4.41−5.34 
eV) for the dehydrated surfaces compare well with the value of 5.0 eV obtained from ultraviolet 
photoelectron spectroscopy (UPS) measurements for the pyrite {100} surface.11, 106 The work 
function of the hydrated surfaces is lowered due to partial transfer of electron charge from the 
substrate to the adsorbate and the resulting adsorption-induced surface dipoles (Table 7).107−109 
Furthermore, the adsorption acts to smoothen the surface electric charge distribution (the 
Smoluchowski effect) which lowers the work function.110, 111 
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4. SUMMARY AND CONCLUSIONS 
We have performed systematic density functional theory calculations, with Hubbard U corrections 
(DFT+U), to provide fundamental insight into the bulk and surface properties of marcasite FeS2. 
From this study, we conclude that marcasite is an indirect band gap semiconductor with a band 
gap of 1.17 eV, which is slightly larger than the band gap of pyrite (0.95 eV). We have shown 
from the calculated single-crystal elastic constants that marcasite is mechanically stable at ambient 
conditions and that the mineral is prone to shear deformation rather than compressive deformation. 
The Wulff constructed equilibrium morphology shows that {101} and {010} surfaces dominate 
the marcasite crystal under both dehydrated and hydrated conditions, in agreement with their 
relative stabilities compared to the other surfaces. Hydration of the marcasite surfaces acts to 
coordinate water to the under-coordinated surface Fe ions and so stabilize the surfaces. The large 
expression of the {101} and {010} facets in the marcasite crystal morphology compared to the 
{100} facet in the cubic crystal of pyrite,112, 113 suggests that intergrowth (epitaxial growth) of 
marcasite with pyrite will most likely occur through the formation of m{101}−p{100} or  
m{010}−p{100} interfaces. The simulated scanning tunneling microscopy (STM) images of the 
{101} and {010} facets are also presented, for comparison with future experiments. Our 
calculations suggest that contrary to earlier speculations, marcasite might actually be a useful semi-
conductor and photocatalyst in its own right, similar to pyrite. 
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LIST OF TABLES 
 
Table 1: Calculated lattice parameters of marcasite compared with previous theoretical and 
experimental results. 
a (Å) b (Å) c (Å) V  (Å3) Investigation 
4.436 5.414 3.381 81.20 Experiment (Ref. 60) 
4.405 5.404 3.382 80.51 This work 
4.373 5.381 3.407 80.17 Calculation (Ref. 64) 
4.400 5.370 3.370 79.63 Calculation (Ref. 26) 
4.437 5.421 3.407 81.95 Calculation (Ref. 16) 
4.438 5.408 3.393 81.43 Calculation (Ref 25) 
4.439 5.408 3.388 81.33 Calculation (Ref. 18) 
 
 
Table 2: Structural bonding distances in marcasite.  
d(Fe–S) (Å) d(S–S) (Å) d(Fe–Fe) (Å) Investigation 
2.210 2.190 3.360 Experiment (Ref. 60) 
2.236, 2.253 2.211 3.380 Experiment (Ref. 2) 
2.226, 2.246  2.190 3.382 This work 
2.229 2.195 3.863 Calculation (Ref. 64) 
2.230 2.200 3.380 Calculation (Ref. 18) 
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Table 3: Elastic stiffness constants (Cij), Bulk modulus (B), shear modulus (G), Young’s modulus 
(E), and Possion’s ratio (ν) of marcasite at 0 GPa. Marcasite Bexpt is 146.5 GPa.67 
Parameter Calc. (Ref. 25) Calc. (Ref. 18) This study 
C11 266 303.1 303.1 
C22 387 454.3 402.4 
C33 313 322.8 304.2 
C44 106 105.9 138.3 
C55 165 158.2 92.0 
C66 149 153.9 145.1 
C12 12 47.0 32.3 
C13 87 106.4 103.5 
C23 20 55.8 33.2 
B 134 166.5 149.7 
G 140 141.7 131.1 
E 312 331.2 304.5 
ν 0.1 0.2 0.2 
 
 
Table 4: Dehydrated (γr) and hydrated (γhydrated) surface energies of the (1 x 1) and larger ((2 x 2) 
or (2 x 1)) (bracket values) surfaces of marcasite. The corresponding percentage relaxation after 
hydration is denoted as % relaxation. 
 
Surface γr (J m−2) γhydrated (J m−2) % relaxation 
{010}-S 1.53 0.81 (0.78) 47.1 (49.0) 
{101}-S 1.16 0.54 (0.50) 53.5 (56.9) 
{101}-Fe 2.30 1.85 (1.78) 19.6 (22.6) 
{130}-S 1.74 1.14 (1.06) 34.5 (39.1) 
{130}-Fe 2.04 1.45 (1.34) 28.9 (34.3) 
{110}-S 1.86 1.66 (1.60) 10.8 (13.9) 
{110}-Fe 2.67 2.21 (2.12) 17.2 (20.1) 
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Table 5: Percentage interlayer relaxations at hydrated marcasite surfaces. Positive and negative 
values denote dilation and contraction respectively.  
Surface {010}  {101}  {110}  {130} 
Termination S  S Fe  S Fe  S Fe 
Δd12 +4.06  +5.32 −7.08  −6.07 −9.90  −5.36 −9.9 
Δd23 −5.09  −3.77 +3.08  −3.27 +7.25  −4.07 +4.73 
Δd34 +1.44  −1.23 +3.77  +5.75 −7.30  +7.92 +7.14 
Δd45 −1.52  +3.71 −1.89  −6.66 +3.61  −4.93 +5.07 
 
Table 6: Average charge (q) of relaxed topmost surface Fe and S ions and variance with respect 
to the bulk ions (Δq). The values in round brackets are for the hydrated surfaces. 
 Fe  S 
 q /e– Δq /e–  q /e– Δq /e– 
Bulk 0.88   –0.44  
{010}-S 0.89 (0.92) −0.01 (−0.04)  –0.45 (0.46) –0.01 (−0.02) 
{101}-S 0.87 (0.91) 0.01 (−0.03)  –0.44 (0.46) 0.00 (−0.02) 
{110}-S 0.91 (0.93) −0.03 (−0.05)  –0.46 (0.47) –0.02 (−0.03) 
{130}-S 0.93 (0.96) −0.05 (0.08)  –0.46 (0.48) –0.02 (−0.04) 
 
Table 7: Calculated work functions of the dry (Φdry) and hydrated (Φhyd) FeS2 surfaces.  
Surface Φdry ( eV) Φhyd (eV) 
{010}-S 4.41 3.84 
{101-S  5.10 4.29 
{101}-Fe  4.29 3.78 
{130-S  4.52 4.26 
{130}-Fe  4.32 4.16 
{110}-S  5.32 5.12 
{110}-Fe  5.04 4.73 
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LIST OF FIGURES  
 
Figure 1: The orthorhombic structure of marcasite FeS2 in terms of FeS6 octahedra. (Color 
scheme: Fe = grey, S = yellow). 
 
 
 
 
 
 
 
 
 
 
 
 
27 
 
Figure 2: (a) Band structure along the high-symmetry directions of the Brillouin zone and (b) 
projected density of states (PDOS) of marcasite. 
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Figure 3: Nature of electronic states (at the  point) of (a) the highest occupied valence band 
(HOVB) and (b) the lowest unoccupied conduction band (LUCB) of marcasite. 
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Figure 4: Geometry-optimized structures of the hydrated FeS2{101} surface in top (top) and side 
(bottom) views. The sulfur termination is shown in (a) and iron termination in (b). A (1 x 1) unit 
cell size is highlighted by a continuous line in the top views. 
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Figure 5: Geometry-optimized structure of the hydrated FeS2{010} surface in top (top) and side 
(bottom) view.  A (1 x 1) unit cell size is highlighted by a continuous line in the top view. 
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Figure 6: Geometry-optimized structures of the hydrated FeS2{130} surface in top (top) and side 
(bottom) views. The sulfur termination is shown in (a) and iron termination in (b). A (1 x 1) unit 
cell size is highlighted by a continuous line in the top views. 
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Figure 7: Geometry-optimized structures of the hydrated FeS2{110} surface in top (top) and side 
(bottom) views. The sulfur termination is shown in (a) and iron termination in (b). A (1 x 1) unit 
cell size is highlighted by a continuous line in the top views. 
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Figure 8: Equilibrium morphology from Wulff construction of (a) the dehydrated and (b) the 
hydrated marcasite crystal. 
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Figure 9: Simulated STM images of the dehydrated (left) and hydrated (right) of FeS2{101}−S 
and FeS2{010}−S surfaces, obtained using a bias of −2.5 eV. Density (ρ) and tip distance (d) are 
also indicated. Insets show enlargements of the STM images. In the inset, surface terminating S 
ions are in yellow, O ions are in red and H ions are in white. 
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Figure 10: Projected density of states of the clean (left) and water covered (right) {1010}-S and 
{010}-S surfaces. The inserts in the right panel show the corresponding electron density difference 
isosurface contours upon water adsorption, where the blue and green contours indicate electron 
density increase and decrease by 0.02 e/Å3, respectively. 
 
 
 
 
